This paper is concerned with application of piezoelements with a step change of material properties occurring in the element's plane. Each part of an element may be controlled independently. Analytical models for dierent shape and location of the inner part of a two-part piezoactuator are developed. Finally, results of numerical simulations concerning eectiveness in vibration reduction of piezoactuators constructed this way are presented.
Introduction
Piezoelements are important type of actuators which are used in vibration reduction.
For more than 20
years [1] , piezoelements have been used for reduction of noise and vibration of beams [24] and plate structures [58] . The advantage of using dierently shaped and distributed actuators for active control was demonstrated by many researchers. Some of the studies concern dierent acoustic media [5] , but most of papers are de- 2 ) located near to the center of the plate.
The second element can be a square shaped or a triangle based two-part element with its center placed near to the quarter of the length and the width of the plate (Fig. 1 ).
Mathematical models
It was demonstrated in [1] that vibration of a thin rectangular plate with homogeneous piezoactuator can be de- * corresponding author; e-mail: mwiciak@pk.edu.pl scribed by equation
where w = w(t, x, y) is the transverse displacement, ∆ is the Laplacian, f = f (t, x, y) is the external excitation, µ = ρh 0 , ρ is the material density, h 0 is the plate thickness, D = Eh
is the exural rigidity of the plate, and ν and E are the Poisson ratio and the Young's modulus, respectively. Further, F pe represents external forces due to homogenous actuator which, for the rectangular element shown in Fig. 2d , are given by [1] 
and according to [8] , for triangular actuator (Fig. 3d) by 
, and their derivatives (in the distributional sense), symbol ⊗ denotes the tensor product of distributions in Eq. (2) and the generalized tensor product of distribution and the distribution value function in Eq. (3), [8] . Consequently, the solution of Eq. (1) is also understood in the distributional sense [8] . 
while
are internal moments across the piezoelectric element,
pe , and the i-th index is used to denote appropriate values for the i-th sub-region, i = 1 for the outer part, and i = 2 for the inner one, while χ i is a characteristic function dened on the area of the piezoelectric
for i = 1, 2, where Γ 1 = {(x, y) :
, y 2 ≤ y ≤ y 3 } for the rst position of the inner part (Fig. 2a) , while Γ 2 = {(x, y) :
, y 2 ≤ y ≤ y 3 } for the second one (Fig. 2b) , and Γ 1 = {(x, y) :
, y 2 ≤ y ≤ y 3 } for the third case (Fig. 2c ).
In the rst case, when the inner segment is placed in a corner of the outer one (Fig. 2a) , the internal moments across the piezoelement are given by
and consequently
In the second case, when the inner segment is placed on one side of the outer one (Fig. 2b) , the internal moments across the piezoelement can be expressed by
Thus
Finally, in the case of central position of the inner part of a piezoelement, as shown in Fig. 2c , one can obtain
and For the rst case ( Fig. 3a) sets
where the tensor product in the second and the third term is understood in the generalized sense as a tensor product of a distribution and a distribution-valued function [8] , namely if S ∈ D (R) and T : R x → T (x) ∈ D (R), then the generalized tensor product S ⊗ T is a distribution that belongs to D (R 2 ) and is dened as
for any ϕ ∈ D(R 2 ). Bearing in mind formulas for derivatives of generalized tensor product S ⊗ T , [8] ,
for any ϕ ∈ D(R), one can obtain
In the case when an inner segment is located as in
Consequently, on account of Eqs. (15), (16), and (3),
Finally, consider the case of central position of the inner segment, as shown in Fig. 3c . Sets Γ 1 , Γ 2 in (6) are now given in the form Γ 1 = {(x, y) :
and in consequence,
Using now formulae for derivatives of the generalized tensor product in Eqs. (15) and (16) and reducing similar terms, one can obtain • Piezo element plates used for excitation: SOLID226
with PZ 28;
• Piezo element plates used for actuators: SOLID226
with PZ 28 and PZ 29;
• Properties of PZ 28: ρ = 7.70 × 10 First, modal analyses were performed for the rst six mode shapes. For further analyses four modes were taken (as the second and third modes as well as the fth and sixth modes have almost the same frequency due to small inuence of piezoelectric elements and symmetry of the plate). Fig. 4 shows the mode shapes chosen for harmonic analyses.
Fig. 4. The modes selected for harmonic analysis.
The amplitude applied to the element used for plate excitation was assumed to be V e =100 V. The reduction of plate vibration was obtained using internal ANSYS optimization procedures, with the goal function in the
where X(i) sum denotes displacement vector sum in the i-th node and n is the number of nodes (in this case all nodes making up the base of the plate).
There were two design variables for the procedure: V a amplitude of voltage applied to the actuator and φ a phase angle of voltage applied to the actuator. The maximum number of steps for the procedure was 30. After each completion the procedure was repeated with design variables ranges being narrowed with the nal ranges of 5 V for V a and 2
• for φ a .
The harmonic analyses were performed for two cases: 4. Results Table I shows the obtained vibration reduction for modeled piezoelements. The rst column corresponds to the investigated modes (Fig. 4) . When we look at the reduction obtained for the piezoelement with only the outer segment working as an actuator (0V) it can be seen that despite smaller working area its eectiveness does not change.
When looking at the results for triangle shaped elements again no signicant dierences can be found (Table I, Fig. 6 ). In one instance, the dierence between the best and worst result is almost 2 dB, but this is for homogeneous element (where the results should be identical).
Again, this can be attributed to the used optimization algorithm and possibly to dierences in meshes.
Similarly to square based elements when only the outer segment were used, the obtained results are almost the same regardless of placement of the inner segment.
From this it can be seen that although using a step change of material constants does not improve eciency of the piezoactuators, it might be possible to have a sensor-actuator by electrically separating some by means of electrical separation of a part of the piezoelement. Fig. 5 . Results of plate vibration reduction for square based piezoactuators modelled as PZ29 for no voltage applied and PZ29/PZ28 for center, side, and corner location of the inner segment. Fig. 6 . Results of plate vibration reduction for rightangle triangle based piezoactuators modeled as PZ29 for 0V center and 0V side and PZ29/PZ28 for centre, side, and corner location of the inner segment. Table II shows the results of voltage eciency of the modeled piezoelements. The columns are the same as in Table I . The voltage eciency was a parameter created as a fast and easy although yet simplied way to compare the energy eciency of dierent shapes and composition of the modeled piezoelements. It was based on the fact that each element has that same base area A = 1600 mm 2 .
The parameter is dened as
where L red denotes obtained vibration reduction, V e is the voltage (amplitude) applied to the piezoelement used for plates excitation, and V a denotes voltage (amplitude) applied to the piezoactuator.
The rst thing that can be seen is that the voltage eciency is proportional to the eective material constants 
A-189
Depending on the mode and the shape of actuator the dierence between them ranges from 18% to 29% with the average being about 24%. This is about the same as the area ratio between the outer and inner segment. Therefore it can be speculated that reducing the dimensions of the inner segment could also proportionally reduce this dierence. That way it could be possible to have a sensor-actuator showing only a minimum loss of energy eciency on the actuator part.
It is worth mentioning that transition of such a complex model to a physical system often requires to construct methods for system response identication [11] .
Conclusions
Numerical analysis of the eects that placement of the inner segment in two-part of chosen shapes of piezoactuators and using only a part of the actuator have on their eciency in plates vibration reduction was presented.
An average reduction of about 18 dB for square shaped and 17.5 dB for right-angle triangle shaped actuators was obtained.
The performed simulations showed that changing the location of the inner segment of a two-part piezoelement do not improve its eectiveness and with the results of previous simulations it can be said that two-part piezoactuators are not an improvement over homogeneous one (although this should be veried experimentally).
It has been also shown that using only a part of piezoelement (in this case, the outer segment) also does not change the obtained reduction. The voltage needed to obtained these results needs to be higher (for modeled elements, an average of 24% increase in voltage was required) but it can be assumed that reducing the inert part of the actuator should decrease the needed voltage.
Therefore it can be assumed that by separating a part of the piezoactuator electrically it is possible to obtain a sensor-actuator without decreasing its eectiveness in its vibration reduction and with minimal increase in voltage applied to it (although this needs further testing).
